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PRVW LQGXVWULHV 5HVHDUFK KDV DOUHDG\ SURYLGHG D ZKROH EXQFK RI VXSSRVHGO\ HIIHFWLYH PDLQO\ WHFKQLFDO VROXWLRQV WKDW HQKDQFH WKH







DQG 6\VWHP '\QDPLFV 6' IUDPHZRUN %RWK VLPXODWLRQ PHWKRGV DUH LQWHUOLQNHG E\ DQ LQWHJUDWHG SODQQLQJ DSSURDFK VKDULQJ WKH VDPH
FRQFHSWXDOPRGHODQGDFRPPRQVHWRISDUDPHWHUVDQGNH\SHUIRUPDQFHLQGLFDWRUV.3,7KH'(6LVDSSOLHGIRUDQLQGHSWKDQDO\VLVRIWKH
HIIHFWVRIDQ\PHDVXUHV WR LPSURYH WKHFKDQJHDELOLW\EDVHGRQ.3,V UHOHYDQW WR WKHGHFLVLRQPDNHUDQG WRYHULI\ WKHPDMRUSDUDPHWHUV









'HDOLQJ ZLWK XQFHUWDLQW\ LV QRWKLQJ QHZ IRU WKH
PDQDJHPHQWRILQGXVWULDOFRPSDQLHV+RZHYHUWKHG\QDPLFV
RI WKHVH XQFHUWDLQWLHV DQG WKHLU LPSDFW RQ SODQQHG YHUVXV
DFWXDO SHUIRUPDQFH KDV VLJQLILFDQWO\ LQFUHDVHG UHFHQWO\






± EDVLFDOO\ FHQWHULQJRQ WKH FRQWHQW RI VWUDWHJLHV WR HQKDQFH
WKH FKDQJHDELOLW\ RI D SURGXFWLRQ V\VWHP DQG RQ WKHLU
LPSOHPHQWDWLRQ>@+RZHYHUWRDFWXDOO\SODQVROXWLRQVIRU
D &36 GHFLVLRQPDNHUV GR DOVR QHHG WRROV IRU WKHLU H[DQWH
HYDOXDWLRQ7KLV GRPDLQ RI&36 UHVHDUFKKDV MXVW SLFNHG XS
PRPHQWXP ,Q SDUWLFXODU DSSOLFDEOH LQVWUXPHQWV WKDW DOORZ
IRU DTXDQWLWDWLYH VWUDWHJ\ HYDOXDWLRQ DUH DOO EXWQRQH[LVWHQW
WRGD\ )XUWKHU LQ LQGXVWULDO SUDFWLFH LW DSSHDUV WKDW PRVW
GHFLVLRQVUHODWHGWRSODQDQGRSWLPL]H&36DUHVWLOOEDVHGRQ
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UDWKHU VLPSOH TXDOLWDWLYH GHFLVLRQ VXSSRUW WRROV RU HYHQ RQ
H[SHULHQFHRQO\>@
$VDFRQVHTXHQFHWKHLQWURGXFHGPHDVXUHVIDLOWRKDYHWKH
GHVLUHG HIIHFW <HW WKLV FDQ RQO\ EH SDUWO\ DFFRXQWHG WR WKH
ODFN RI DGHTXDWH SODQQLQJ DSSURDFKHV DQG WRROV 6LQFH &36
DUH FKDUDFWHUL]HG E\ D KLJK G\QDPLF FRPSOH[LW\ LW DSSHDUV
WKDWGHFLVLRQPDNHUVKDYHGLIILFXOWLHV LQGHYHORSLQJDGHHSHU
XQGHUVWDQGLQJ IRU WKH YDULRXV LQWHUGHSHQGHQFLHV WR EH
FRQVLGHUHGZLWKLQWKLVVRFLRWHFKQLFDOV\VWHPDQGWUDQVIHUULQJ
WKHP LQWR WKH SODQQLQJ SURFHVV 7KHVH FLUFXPVWDQFHV LPSO\
WKUHHPDMRU UHTXLUHPHQWV RQ DQ DGHTXDWH SODQQLQJ DSSURDFK
DQG LWV UHODWHG GHFLVLRQ VXSSRUW V\VWHPV )LUVW WKH GHFLVLRQ
VXSSRUW WRROVKDYH WRSURYLGHDSSURSULDWHFDSDELOLWLHV IRU WKH
G\QDPLFFRPSOH[LW\RI&366HFRQGWKHXQGHUVWDQGLQJRIWKH
XQGHUO\LQJ PDQDJHULDO SUREOHP KDV WR EH LPSURYHG $QG
WKLUGWKHLQVWUXPHQWVPXVWEHFRQYHQLHQWWRDSSO\





HIIHFWV LQGXFHG E\ VWUXFWXUDO FKDQJHV WR WKH SURGXFWLRQ
V\VWHP DQG LWV HQYLURQPHQWDO FRQGLWLRQV RQ UHOHYDQW NH\




WKH ORQJ WHUP EHKDYLRU RI WKH SURGXFWLRQ V\VWHP ZKHQ LW
FKDQJHV IURP RQH VWUXFWXUDO VWDWH WR WKH RWKHU DQG WKXV WR
JDLQDGHHSHUXQGHUVWDQGLQJRILWVG\QDPLFV7KH6'PRGHOLV
HODERUDWHG DQG FDOLEUDWHG EDVHG RQ LQVLJKWV DQG SDUDPHWHUV
SURYLGHGDQGYDOLGDWHGE\WKH'(6
7KLVSDSHUZLOOEHVWUXFWXUHGDVIROORZV)LUVW WKHH[LVWLQJ
OLWHUDWXUH RQ WKH VWDWHRIWKHDUW RI LQVWUXPHQWDO GHFLVLRQ
VXSSRUWLQSODQQLQJ&36LVUHYLHZHG:HZLOOWKHQRXWOLQHWKH
PHWKRGRORJ\ WKH RYHUDOO SODQQLQJ DSSURDFK DQG SURYLGH D
FRQFHSWXDO PRGHO WR GHVFULEH WKH FKDQJHDELOLW\ RI D
SURGXFWLRQ V\VWHP IRU SODQQLQJ SXUSRVHV $IWHUZDUGV WKH
SODQQLQJ DSSURDFK LV GHVFULEHG EHIRUH WKH DSSOLFDELOLW\ LV
VKRZQ LQ D FDVH VWXG\ IURP WKH *HUPDQ PHGLFDO LQGXVWU\
)LQDOO\WKLVSDSHULVFRQFOXGHGZLWKDVXPPDU\DQGRXWORRN
/LWHUDWXUHUHYLHZ
2.1. Making the case for computerized decision support 
systems to plan CPS 
7RPDNHDORQJVWRU\VKRUW7KHUHLVQRUDWLRQDOGHFLVLRQ
PDNLQJZLWKRXWDSSO\LQJHLWKHUIRUPDOYHUEDODQGRUDW OHDVW
PHQWDOPRGHOV LQ WKH FRQWH[WRI VROYLQJ DGHFLVLRQSUREOHP
> @ *LYHQ WKDW D SODQQLQJ SURFHVV XVXDOO\ GHDOV ZLWK WKH
V\VWHPDWLF VROXWLRQ RI D UHODWHG GHFLVLRQ SUREOHP ,Q WKLV
FRQWH[W GHFLVLRQ VXSSRUW LQVWUXPHQWV RU WKHLU FRPELQDWLRQ
LQWRFRPSXWHUL]HG'HFLVLRQ6XSSRUW6\VWHPV'66IRUWKDW
PDWWHUXVXDOO\DLPDW VXSSRUWLQJ WKHGHFLVLRQPDNHUV LQRQH
RUPRUHVWDJHVRI WKHSODQQLQJSURFHVV>@7KHLUDSSOLFDWLRQ
LV SDUWLFXODUO\ DGYLVHG LQ FRPSOH[ DQG XQVWUXFWXUHG GHFLVLRQ
SUREOHPV>@&RQVHTXHQWO\WKHDSSOLFDWLRQRIFRPSXWHUL]HG
GHFLVLRQ VXSSRUW V\VWHPV KDV QRW RQO\ EHFRPH FRPPRQ




VLPXODWLRQV KDYH WR EH FRQVLGHUHG DV QRW EHLQJ HVWDEOLVKHG
\HW7KHYDVWPDMRULW\RIFRQWULEXWLRQVLQWKLVGRPDLQIRFXVRQ
SURYLGLQJ WRROV WR VXSSRUW WKH GHFLVLRQ JLYHQ WKHLU GHFLVLRQ
SUREOHP LV IXOO\ GHVFULEHG DV D GHFLVLRQ PRGHO 7KH
DSSOLFDWLRQ RI VLPXODWLRQEDVHG DSSURDFKHV WR DFWXDOO\
H[SORUH DQG TXDQWLI\ WKH HIIHFWV RI WKH PHDVXUHV WR EH
HYDOXDWHG KDV QRW EHHQ H[SORUHG \HW RQ D EURDG EDVLV )LUVW
DSSURDFKHVXVLQJFRPSXWHUL]HGPHWKRGVFDQEHIRXQGLQ>±
@WKRXJK
2.2. State-of-the-art in decision-making/planning of CPS in 
general 
7KH FKDQJHDELOLW\ RI SURGXFWLRQ V\VWHPV LV JHQHUDOO\
GHVFULEHG DV D IHDWXUH WKDW HQDEOHV WKHP WR DGDSW WR QHZ
FRQGLWLRQV E\ VWUXFWXUDO FKDQJHV WR LWV WHFKQRORJ\ DQG
RUJDQL]DWLRQDO FRQILJXUDWLRQ 7KH DGDSWLRQ FDQ EH UHDFWLYH
DQGSURDFWLYH>@
:KHQ LW FRPHV WR GHDO ZLWK WKH V\VWHPDWLF PDQDJHPHQW
DQGLQSDUWLFXODUSODQQLQJRI&36WRGD\WZRPDMRUVFKRROVRI
WKRXJKW FDQ EH GLIIHUHQWLDWHG >@ 7KH UHVHDUFK DFWLYLWLHV
DURXQG:HVWNlPSHUDQG=DKQDUHDOUHDG\EDVHGRQDV\VWHP
WKLQNLQJ DSSURDFK %XW WKH\ IRFXV KRZHYHU RQ WRROV WKDW
DOORZ DFFHOHUDWLQJ FKDQJHV ZLWK GLIIHUHQW SODQQLQJ DQG
FRQWUROOLQJ LQVWUXPHQWV HJ LQGLFDWRUV WHFKQLFDO DQG
RUJDQL]DWLRQDOJXLGHOLQHV>@7KH\DUHJHQHUDOO\QRWDLPLQJ
DW DQ LQWHJUDWHG GHFLVLRQ VXSSRUW IRU SODQQLQJ SXUSRVHV ,Q
FRQWUDVW WKH UHVHDUFK DFWLYLWLHV DURXQG :LHQGDKO DQG KLV
VXFFHVVRU1\KXLV HODERUDWH RQ WKH V\VWHP WKLQNLQJ DSSURDFK
FHQWHUHG RQ D FRQFHSWXDO PRGHO WKDW H[SOLFLWO\ LQWURGXFHV D
FORVHG ORRS V\VWHP IRU FKDQJHDELOLW\ > ±@ 7KH\
HPSKDVL]H RQ SURYLGLQJ D WRROEDVHG GHFLVLRQ VXSSRUW WR
DFWXDOO\ SODQ &36 +RZHYHU WKH\ JHQHUDOO\ IRFXV RQ
VXSSRUWLQJ WKH GHFLVLRQ IRU JLYHQ DOWHUQDWLYHV VLWXDWLRQV DQG
HYDOXDWHG FRQVHTXHQFHV ± DV RSSRVHG WR DQDO\]H WKHP E\
TXDQWLWDWLYH PHDQV 7KXV WKH\ DUH PRVWO\ EDVHG RQ PXOWL
FULWHULDGHFLVLRQPDNLQJDSSURDFKHV
2.3. Potentials of simulation approaches to plan CPS 
,Q IDFW VLPXODWLRQEDVHG '66 DUH VWLOO ZLGHO\
PLVVLQJZKLFKLVLQWHUHVWLQJJLYHQWKDWWKHSODQQLQJRI&36
LVXVXDOO\GHVFULEHGDVDFRPSOH[SUREOHPWKDWLVVWUDWHJLF
WR WKH GHFLVLRQPDNHUV LQ WHUPV RI LWV LPSDFW RQ WKH
FRPSHWLWLYHQHVVRIWKHLUFRPSDQ\FKDUDFWHUL]HGE\DORQJ
SODQQLQJKRUL]RQVDQG³QHZ´DVDPDQDJHPHQWLWHPDQG
WKXV QRW \HW IXOO\ XQGHUVWRRG E\ WKH GHFLVLRQPDNHUV >@
$OWKRXJKWKHDSSOLFDWLRQRI'66LVQRWXQFKDOOHQJHG>@LWLV
ZLWKRXWGRXEWWKHLUSURSHUW\LQKHOSLQJWKHGHFLVLRQPDNHUWR
XQGHUVWDQG WKH GHFLVLRQ SUREOHP DQG WR V\VWHPDWLFDOO\
UHDOL]HDQDO\]H WKH FRQVHTXHQFHV RI KLV DFWLRQV >@ ,Q
SDUWLFXODU WKH H[SORUDWLRQ DQG VROYLQJ RI GHFLVLRQ SUREOHPV
WKDWDUHRQO\KDUGWRVWUXFWXUHVXFKDVWKHSODQQLQJRI&36LV
WKHGRPDLQRI VLPXODWLRQEDVHG DSSURDFKHV >@%HFDXVHRI
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WKLV VLPXODWLRQEDVHG PHWKRGV DUH ZHOO HVWDEOLVKHG LQ WKH
RSHUDWLRQVPDQDJHPHQW>@
+RZHYHUVLQFHDWWKHVDPHWLPHWKHUHLVDZKROHVSHFWUXP




RU WKH RWKHU &RQVLGHULQJ WKH NQRZQ DGYDQWDJHV RI DQ\ RI
WKHVH VLPXODWLRQ PHWKRGV ZH GHFLGHG WR DSSO\ D K\EULG
IUDPHZRUNEDVHGRQD'(6DQG6'LQRXUSODQQLQJDSSURDFK
7KH'(6SURYLGHVVWDWLVWLFDOO\YDOLGHVWLPDWHVRIWKHV\VWHP¶V








7R FRQFOXGH WKH SODQQLQJ DSSURDFK HODERUDWHG LQ WKLV
SDSHU LV EDVHG RQ WKUHH DVVXPSWLRQV  WKDW WKH W\SLFDO
SODQQLQJSUREOHPVUHODWHGWRWKHGHVLJQRI&36DUHRSHQWRD
VLPXODWLRQEDVHGGHFLVLRQVXSSRUW LQJHQHUDO  WKDW LW LV LQ
SDUWLFXODUVLPXODWLRQPHWKRGVWKDWDSSHDUWRKDYHWKHSRWHQWLDO
WRVLJQLILFDQWO\LPSURYHGHFLVLRQTXDOLW\LQWKLVGRPDLQ$QG
ILQDOO\  WKDW LW LV WKHDSSURSULDWHFRPELQDWLRQRI'(6DQG
6' DV VSHFLILF PHWKRGV WKDW DSSHDU WR SURYLGH D VSHFLDO
DGYDQWDJH LQ WKLV UHJDUGV *LYHQ WKDW WKH RYHUDOO SODQQLQJ
DSSURDFK LV RXWOLQHG LQ )LJ +RZHYHU WKLV DSSURDFK RQO\
JXLGHVGHFLVLRQPDNHUVWKURXJKWKHSURFHVVRIHYDOXDWLQJWKH
FRQVHTXHQFHVRIWKHPHDVXUHVWREHLQYHVWLJDWHGLWGRHVQRW
VROYH WKH GHFLVLRQ SUREOHP LWVHOI )ROORZLQJ JRRGPRGHOLQJ
SUDFWLFH >@ LW LV ILUVW QHFHVVDU\ WR EULHIO\ RXWOLQH WKH
GHFLVLRQ SUREOHP DQG HODERUDWH D FRQFHSWXDO PRGHO WR
GHVFULEHWKHFKDQJHDELOLW\RIDSURGXFWLRQV\VWHPDVWKH\DUH
QRWH[SOLFLWO\DGGUHVVHGLQ)LJ
3.1. Definition of changeability and the planning problem to 
be solved 
$OWKRXJK WKH PRVW SRSXODU GHILQLWLRQV IRU FKDQJHDELOLW\
DQG IOH[LELOLW\ GLIIHU LQ WKHLU GHWDLOV WKH FKDQJHDELOLW\ RI D
SURGXFWLRQ V\VWHP LV VWLOO XVXDOO\ GHVFULEHG E\ LPPHGLDWHO\
UHODWLQJ LW WR LWV IOH[LELOLW\ >   @ %RWK WHUPV DUH
DOZD\V UHODWHG WR  WKH VWUXFWXUH RI WKH V\VWHP JHQHUDOO\
GHILQHGDVWKHQXPEHUDQGW\SHRILWVHQWLWLHVHJWHFKQRORJ\
PDFKLQHV KXPDQV DQG WKHLU LQWHUUHODWLRQVKLSV DQG  E\
WKH V\VWHP




RI WKH V\VWHP LV WKHQ GHILQHG E\ LWV RXWSXW JLYHQ WKDW WKH






)ROORZLQJ WKLV EDVLF XQGHUVWDQGLQJ RI FKDQJHDELOLW\ DQG
IOH[LELOLW\ WKH JHQHUDO SODQQLQJ SUREOHP IRU D GHFLVLRQ
PDNHUZKHQGHVLJQLQJ&36 LVXVXDOO\GHVFULEHGE\D WUDGH
RIIGHFLVLRQLQZKLFKKHKDVWRVLPXOWDQHRXVO\EDODQFHWUDGH
WKH EHQHILWV DQG DOVR OLPLWDWLRQV RI WKH IOH[LELOLW\ DQG
FKDQJHDELOLW\LQKHUHQWO\SURYLGHGE\DQ\JLYHQVWUXFWXUDOVWDWH







,Q DGGLWLRQ WR WKH ODFN RI SODQQLQJ WRROV WKH UHDOZRUOG
SODQQHULVDOVRFRQIURQWHGZLWKDQXPEHURIQRQLQVWUXPHQWDO
SUREOHPV8VXDOO\DUHDOZRUOGSODQQHUGRHVQRWNQRZWKH
FXUUHQW FKDQJHDELOLW\ DQG IOH[LELOLW\ RI KLV SURGXFWLRQ
V\VWHP  XVXDOO\ GRHV QRW KDYH WKHPHDQV WR HYDOXDWH WKH
HIIHFWV ± PRVW RI DOO IRU SUDFWLFDO UHDVRQV ± DQG  DQ\
PHDVXUH DSSOLHG WR PRGLI\ WKH FKDQJHDELOLW\ XVXDOO\ KDV
HIIHFWV RQ ERWK QRW RQO\ RQ WKH FKDQJHDELOLW\ EXW DOVR RQ
IXWXUHIOH[LELOLW\RIWKHSURGXFWLRQV\VWHP
7KXVWKHYHU\EDVLFLGHDRIWKHSODQQLQJDSSURDFKRXWOLQHG
LQ )LJ  LV WR VLPXOWDQHRXVO\ HYDOXDWH WKH IOH[LELOLW\ DQG
FKDQJHDELOLW\RIE\FRPELQLQJ'(6DQG6'
3.2. A conceptual model to describe and plan the 
changeability of production systems 
$FFRUGLQJWRJRRGGHFLVLRQPDNLQJSUDFWLFHWKHQH[WVWHS
DIWHU KDYLQJ GHILQHG WKH SODQQLQJ SUREOHP LV WR GHULYH D
FRQFHSWXDO PRGHO RI WKH SODQQLQJ VLWXDWLRQ 7KLV JHQHUDOO\
LQYROYHV WZR FRPSRQHQWV  D GHVFULSWLYH EXW VLPSOLILHG
PRGHORI WKHXQGHUO\LQJUHDOZRUOGSUREOHPWKDWVXPPDUL]HV
WKHPRVWLPSRUWDQWFDXVHDQGHIIHFWUHODWLRQVKLSV$QGLQ
RUGHU WR EHLQJ DFWXDOO\ DEOH WR SODQ D VWUDWHJ\ DQ DGHTXDWH
RSHUDWLRQDOL]DWLRQ RI WKH GHFLVLRQPDNHUV WDUJHW V\VWHP DQG
UHDOZRUOG DFWLRQV LQWR FRQFUHWH SODQQLQJ YDULDEOHV DQG
SDUDPHWHUVWKDWFDQEHXVHGDVRSWLPL]DWLRQFULWHULDWRDFWXDOO\
DQDO\]HVROYHWKHGHFLVLRQSUREOHP
,Q RXU SODQQLQJ DSSURDFK WKH FRQFHSWXDO PRGHO RI WKH
SODQQLQJVLWXDWLRQLVDVIROORZV)LJ2QDKLJKOHYHO WKH
PRGHO RI WKH SURGXFWLRQ V\VWHP LV FRPSRVHG RI WKUHHPDMRU
VHFWRUV UHSUHVHQWLQJ WKH YDOXH FUHDWLRQ DQG PDQDJHPHQW
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SURFHVVHVDVZHOODVDVHFWRUWRPRGHOWKHSURGXFWLRQUHVRXUFH
FUHDWLRQ DQG FRQVXPSWLRQ SURFHVVHV UHVSHFWLYHO\:KLOH WKH
YDOXHFUHDWLRQSURFHVVHVDUHDFWXDOO\IRFXVLQJRQUHSUHVHQWLQJ
WKH PDWHULDO IORZV WKURXJK WKH SURGXFWLRQ V\VWHP WKH RWKHU
VHFWRUV DUH FRQFHUQHG ZLWK WKH GHFLVLRQPDNLQJ SURFHVVHV





7KH FRQFHSWXDO DSSURDFK WRPRGHO WKH FKDQJHDELOLW\ DV D
GHFLVLRQPDNHUV PDMRU WDUJHW YDULDEOH LPPHGLDWHO\ IROORZV
IURP WKH GHILQLWLRQ JLYHQ DERYH ,W LV EDVHG RQ D EODFN ER[
DSSURDFK ZKHUH WKH IOH[LELOLW\ RI WKH SURGXFWLRQ V\VWHP
UHODWHV WR VRPH.3, UHOHYDQW WR WKH GHFLVLRQPDNHU VXFK DV
SURGXFWLRQ YROXPHV RU GHOLYHU\ WLPHV  JLYHQ WKDW WKH
VWUXFWXUH RI WKH SODQQLQJ V\VWHP GRHV QRW FKDQJH ,W LV WKHQ
GHILQHGE\WKHPLQLPXPDQGPD[LPXPYDOXHRIWKHVH.3,IRU
D JLYHQ WLPH KRUL]RQ KHUHLQDIWHU UHIHUUHG WR DV IOH[LELOLW\
FRUULGRU &RQVHTXHQWO\ WKH FKDQJHDELOLW\ RI WKH SURGXFWLRQ
V\VWHPUHIHUVWRWKHG\QDPLFEHKDYLRURIWKHVH.3,ZKHQWKH
VWUXFWXUH RI WKH V\VWHP FKDQJHV ,W LV WKHQ GHILQHG E\ WKHLU
G\QDPLF EHKDYLRU DQG WKH WLPH WKH V\VWHP QHHGV WR FKDQJH
IURPRQHVWUXFWXUDOVWDWHWRWKHRWKHU
%DVHG RQ WKDW WKH SXUSRVH DQG VFRSH RI WKH '(6 LV DV
IROORZV7KHSULPDU\SXUSRVHRIWKH'(6LVWRSURYLGHDYHU\
GHWDLOHG UHSUHVHQWDWLRQ RI WKH SK\VLFDO SURFHVVHV LQ WKH
SURGXFWLRQ V\VWHP LQ RUGHU WR LQYHVWLJDWHGHWHUPLQH WKH
FXUUHQW IOH[LELOLW\FRUULGRUVIRUDJLYHQVWUXFWXUDO VWDWHRI WKH
SURGXFWLRQ V\VWHP 7KXV LQ RUGHU WR LQYHVWLJDWH WKH DFWXDO
HIIHFWVRIDQ\JLYHQUHDOZRUOGPHDVXUHVWUDWHJ\VXSSRVHGWR
LPSURYHWKHFKDQJHDELOLW\LWLVRQO\QHFHVVDU\WRFRPSDUHWKH
IOH[LELOLW\ FRUULGRU LQ WKH FXUUHQW VWDWH RI WKH SURGXFWLRQ
V\VWHPWRWKHVWDWHRIWKHSURGXFWLRQV\VWHPDIWHUWKHYLUWXDO
DSSOLFDWLRQRIWKHPHDVXUHV2IFRXUVHWKLVLPSOLHVWRDFWXDOO\
PRGHO WZR UHSUHVHQWDWLRQV RI WKH SURGXFWLRQ V\VWHP 7KH
VHFRQGDU\SXUSRVHRIWKH'(6LVWRYDOLGDWHHVWLPDWHHVVHQWLDO
SDUDPHWHUVQHHGHGLQWKH6'VLPXODWLRQ
7KH SXUSRVH DQG VFRSH RI WKH 6' LV WR PRGHO DQG
LQYHVWLJDWH WKH WUDQVLWLRQ SURFHVV RI WKH V\VWHP IURP RQH
VWUXFWXUDOVWDWHWRWKHRWKHULHWKHSURSHUFKDQJHDELOLW\RIWKH
SURGXFWLRQ V\VWHP6LQFH WKH6'XWLOL]HV WKHPRVW LPSRUWDQW
SDUDPHWHUVYDOLGDWHGE\WKH'(6LWLVQRWQHFHVVDU\WRPRGHO








3.3. Operational planning level: discrete event simulation 
7KHDSSURDFK WR HYDOXDWH WKH IOH[LELOLW\RI WKHSURGXFWLRQ
V\VWHPZLWK'(6 LV DGRSWHG IURP$OEUHFKW HW DO >@)LUVW






7KH YDOLGDWHG VLPXODWLRQ PRGHO LV WKH IRXQGDWLRQ WR
DQDO\]HWKHSURGXFWLRQV\VWHPDQGLWVIOH[LELOLW\OLPLWVE\WKH
V\VWHPDWLFPRGLILFDWLRQRI LQSXWGDWD LQGLIIHUHQWGLPHQVLRQV




KDQG WKH '(6 FDQ SURYLGH JOREDO .3,V RI WKH SURGXFWLRQ
V\VWHP¶VRYHUDOOHIILFLHQF\XQGHUWKHFKDQJHGFRQGLWLRQV7KH
LQSXW GDWD LQ D FHUWDLQ GLPHQVLRQ DUH LQFUHDVHGGHFUHDVHG DV
ORQJ DV WKH JOREDO .3,V LQGLFDWH WKDW WKH SURGXFWLRQ LV QR
ORQJHU HIILFLHQW HJ LQVXIILFLHQW XWLOL]DWLRQ RI PDFKLQHV RU
ZRUNHUV 7KLV WHUPLQDWLRQ FULWHULRQ GHWHUPLQHV WKH
XSSHUORZHU IOH[LELOLW\ OLPLW IRU DQ\ .3, DV LOOXVWUDWHG LQ
)LJ 7KH HYDOXDWLRQ RI WKH SURGXFWLRQ V\VWHP LV EDVHG RQ
WKH .3,V FRPPRQ LQ LQGXVWU\ SURYLGHG E\ WKH 9', 
3DUW >@ 6LQFH WKH.3,V DUH WKH VDPH DV LQ D SURGXFWLRQ
GDWD DFTXLVLWLRQ V\VWHP GHFLVLRQPDNHUV DUH XVXDOO\ YHU\
IDPLOLDUZLWKWKHLULQWHUSUHWDWLRQ
2Q WKH RWKHU KDQG WKH '(6 LV DEOH WR SURYLGH LQGLFDWRUV
DERXW HYHU\ REMHFW LQ WKH PRGHO OLNH PDFKLQHV RU ZRUNHUV
>@ 7KLV GHWDLOHG LQIRUPDWLRQ KHOSV WR LGHQWLI\ WKH VRXUFH
LQHIILFLHQF\ HYHQ LQ FRPSOH[ SURGXFWLRQ V\VWHPV TXLFNO\
7KLV KHOSV WR VHOHFW WKRVH REMHFWV HJ PDFKLQH ZKLFK DUH
HIIHFWHGPRVWZKHQDFKDQJHLQDFHUWDLQGLPHQVLRQRFFXUV
*LYHQ WKH FRQFHSWXDO PRGHO DV GHVFULEHG DERYH WKH
IOH[LELOLW\ OLPLWVDUHHYDOXDWHG IRU WKHSUHVHQW VWUXFWXUDO VWDWH
RI WKH SURGXFWLRQ V\VWHP DQG DW OHDVW RQH IXWXUH VWUXFWXUDO
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VWDWH UHSUHVHQWLQJ WKH VLWXDWLRQ DIWHU WKH YLUWXDO
LPSOHPHQWDWLRQRISRWHQWLDOPHDVXUHVWRHOLPLQDWHWKHVRXUFHV
RI LQHIILFLHQFLHV LH WR LPSURYH WKH FKDQJHDELOLW\
1HYHUWKHOHVVWKHGHWHUPLQDWLRQRIIOH[LELOLW\OLPLWVUHTXLUHVD
KLJK HIIRUW VLQFH DQ\ FKDQJH WR WKH V\VWHP UHTXLUHV D QHZ




*LYHQ WKDW YLUWXDOO\ DQ\ WHFKQLFDO DQG RUJDQL]DWLRQDO
PHDVXUHWRRSWLPL]HWKHSURGXFWLRQV\VWHPFDQEHGHILQHGDQG
HYDOXDWHG EDVHG RQ .3,V RQ WKH HIILFLHQF\ RI ZKROH
SURGXFWLRQ V\VWHP 7KLV HYDOXDWLRQ DOVR FRQVLGHUV V\VWHPLF
LQWHUDFWLRQVLQFRPSOH[SURGXFWLRQV\VWHPVZKHUHWKHHIIHFWV
RI LQWHUYHQWLRQV DUH XVXDOO\ QRW FRPSOHWHO\ WUDQVSDUHQW >@
2I FRXUVH WKH .3,V WR HYDOXDWH DOWHUQDWLYHV IRU IXWXUH
SURGXFWLRQV\VWHPFRQILJXUDWLRQVPXVWEHWKHVDPHDVIRUWKH
FXUUHQW VWDWH 7KDW ZD\ WKH LQWHUSUHWDWLRQ RI WKH VLPXODWLRQ
UHVXOWV LV VLPSOH IRU WKH GHFLVLRQPDNHUV EHFDXVH WKH\ DUH
IDPLOLDUZLWKWKHSURYLGHG.3,V
3.4. Strategic planning level: system dynamics simulation  
$V6'DQG'(6VWDQGIRUFRPSOHPHQWLQJEXWVWLOOGLIIHUHQW
PHWKRGV WR PRGHO DQG VLPXODWH SURGXFWLRQ V\VWHPV WKH
DSSURDFKGHVFULEHGLQWKLVSDSHUFDQQRWEHH[SODLQHGZLWKRXW
KLJKOLJKWLQJ WKH PDMRU GLIIHUHQFHV EHWZHHQ ERWK
&RQFHSWXDOO\ WKHPDMRU GLIIHUHQFH EHWZHHQ 6' DQG'(6 LV
WKDW6'LVEDVHGRQDFRQWLQXRXVWLPHDSSURDFKLQZKLFKWKH
VWDWHVRI WKHV\VWHPVLHGHVFULEHGE\VWDWHYDULDEOHVUHODWHG
WR DQ\ NLQG RI PDWHULDO RU LQIRUPDWLRQ IORZ VXFK DV
LQYHQWRULHVRUGHUVHWFDUHPRQLWRUHGFRQWLQXRXVO\>@
+RZHYHU WKH FRQWLQXRXV WLPH DSSURDFK DOVR KDV
VLJQLILFDQW LPSOLFDWLRQV IRU WKH IRUPDO UHSUHVHQWDWLRQ RI WKH
V\VWHP 6' PRGHOV DQ\ UHDOZRUOG V\VWHP E\ D VHW RI
HTXDWLRQV WKDW GHVFULEH WKH G\QDPLF FKDQJH RI DQ\ VWDWH
YDULDEOH RYHU WLPH XVXDOO\ XWLOL]LQJ D VHW RI GLIIHUHQWLDO
HTXDWLRQVZLWK WKH WLPHEHLQJ WKHRQO\ LQGHSHQGHQWYDULDEOH
,Q WKLV UHJDUGV LW LVDFKDUDFWHULVWLF IHDWXUHRI6'WKDW LWFDQ
HDVLO\ LQ SDUWLFXODUZKHQ FRPSDUHG WR'(6 LQFRUSRUDWH DOO
NLQGV RI HOHPHQWV QHFHVVDU\ WR DQDO\]H DQG UHHQJLQHHU
SURGXFWLRQ V\VWHPV VXFK DV FDSDFLWLHV SURGXFWLRQ DQG
ORJLVWLFVSURFHVVHVDVZHOODVPDQDJHPHQWGHFLVLRQUXOHV>@
)XUWKHU6'PRGHOVWHQGWRUHSUHVHQWSURGXFWLRQV\VWHPVDW
PXFK PRUH DJJUHJDWHG OHYHO WKDQ RWKHU PRGHOOLQJ DQG
VLPXODWLRQPHWKRGV+RZHYHUDW WKHVDPHWLPH6'GRHVQRW




PDQDJHPHQW LV WR GHVFULEH WKH VWUXFWXUH DQG EHKDYLRU RI
SURGXFWLRQV\VWHPVWRVXSSRUWVWUDWHJLFGHFLVLRQPDNLQJ>@
$OWKRXJK WKH VFRSH DQG SXUSRVH RI WKH 6'VLPXODWLRQ LV
VRPHZKDWGLIIHUHQWWRWKH'(6WKH6'SDUWRIWKHDSSURDFKLV
EDVLFDOO\IROORZLQJ WKHVDPHVWHSVFS)LJ)LUVWRIDOOD
SUHOLPLQDU\ PRGHO RI WKH SURGXFWLRQ V\VWHP LV EXLOG XS
IROORZLQJ JRRG 6'PRGHOOLQJSUDFWLFH >@ 7KHQ WKH
SODQQLQJVLWXDWLRQRIWKHGHFLVLRQPDNHULVRSHUDWLRQDOL]HGLQ
WHUPVRI SDUDPHWHUV WKDW RQ WKHRQHKDQGGHVFULEHERXQGDU\
FRQGLWLRQV DQG SURFHVVHV H[WHUQDO WR WKH PRGHO VXFK DV
FXVWRPHU GHPDQG IRU LQVWDQFH DQG RQ WKH RWKHU KDQG LQ
SDUWLFXODUGHVFULEH WKHFXUUHQWVWDWHRI WKHSURGXFWLRQV\VWHP
DVZHOODV LWV IXWXUHVWDWH LQ WHUPVRIG\QDPLF WDUJHWV IRU WKH
UHVSHFWLYH VWDWH YDULDEOHV $IWHUZDUGV WKH 6'PRGHO LV
ILQDOL]HG DQGYDOLGDWHGEDVHGRQ WKHSDUDPHWHUV DQG LQVLJKWV
SURYLGHGE\ WKH'(6VR WKDW ILQDOO\ WKHFKDQJHDELOLW\RI WKH
SURGXFWLRQV\VWHPFDQEHHYDOXDWHGE\DQDO\]LQJWKHG\QDPLF




SURFHVV LH WKH G\QDPLF EHKDYLRU RI HDFK SURFHVV LV
GHVFULEHG E\ YHU\ EDVLF GLIIHUHQWLDO HTXDWLRQV SDUDPHWHUL]HG
E\ WKH WLPH FRQVWDQWV WKDW FKDUDFWHUL]H WKH GHOD\ IURP DQ\
LQSXW VWLPXOXV WR LWV RXWSXW DQVZHU 7KHUHIRUH LW LV REYLRXV
WKDWWKH6'PRGHOPXVWGLIIHUIURPWKH'(6PRGHO+RZHYHU
WKH\ VWLOO VKDUH WKH VDPH FRQFHSWXDO PRGHO FS )LJ DQG
WKXVIROORZVWKHVDPHVWUXFWXUHDVLQWKH'(6$FWXDOO\WKLV
LVWKHYHU\DGYDQWDJHRIWKHDSSURDFKGHVFULEHGLQWKLVSDSHU
WKDW LQVWHDG RI XVLQJ PRUH RU OHVV JXHVVHG YDOXHV WR
SDUDPHWHUL]HWKH6'PRGHODVLWLVRIWHQWKHFDVHLQSUDFWLFH





D MRLQW SURMHFW ZLWK DPDQXIDFWXUHU RIPHGLFDO GHYLFHV 7KH
DQDO\]HG SURGXFWLRQ V\VWHP LV YHU\ FRPSOH[ EHFDXVH RI D
JUHDW QXPEHU RI GLIIHUHQW SURGXFWV (YHU\ ILQDO DQG
LQWHUPHGLDWH SURGXFW LV FKDUDFWHUL]HG E\ LQGLYLGXDO ORW VL]HV
SURFHVV SDUDPHWHUV DQG VHWXSWLPHV 7KH SURGXFWLRQ YROXPH
UDQJHV  DQG  7KH SURGXFWLRQ LV DOORFDWHG LQ
WZR SODQWV RQH IRU PHFKDQLFDO SURGXFWLRQ DQG RQH IRU








LQ DVVHPEO\ LV UHTXLUHG7KHPDFKLQH FDSDFLW\ WXUQHGRXW WR
EHQRWFULWLFDOZKDWFRQWUDGLFWHGWKHJHQHUDOSHUFHSWLRQLQWKH




DQDO\VLV RI WKH FKDQJH SURFHVVHV LWVHOI ZKLFK DUH DQDO\]HG





YHU\ YDOXDEOH E\ WKH GHFLVLRQPDNHUV DQG SURYHG DV JRRG
EDVLV IRU VWUDWHJLF GLVFXVVLRQV  LQ SDUWLFXODU EHFDXVH LW
LQFOXGHVDOOFDXVHDQGHIIHFWUHODWLRQVKLSVGHHPHGLPSRUWDQW
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6XPPDU\DQGRXWORRN
7KLV SDSHU DLPV DW SURYLGLQJ D FRPSXWHUL]HG GHFLVLRQ
VXSSRUW WR GHVLJQ &36 ,W GHVFULEHV DQ LQWHJUDWHG SODQQLQJ
DSSURDFK GHVLJQHG DV D SURFHVV PRGHO WR JXLGH GHFLVLRQ
PDNHUV DQG LV EDVHG RQ D K\EULG 6' DQG '(6 DSSURDFK
VKDULQJWKHVDPHFRQFHSWXDOPRGHORIWKHSURGXFWLRQV\VWHP
$IWHU KDYLQJ RXWOLQHG FXUUHQW VWDWH RI SUDFWLFH DQG UHVHDUFK
DQGWKHSURFHVVPRGHOIRUWKHSODQQLQJDSSURDFKDFRQFHSWXDO
PRGHO WR GHVFULEH DQGSODQ FKDQJHDELOLW\ LV SUHVHQWHG7KHQ
WKH SDSHU RXWOLQHVKRZ6'DQG'(6DUH XWLOL]HG WR HYDOXDWH
WKH FKDQJHDELOLW\ RI WKH SURGXFWLRQ V\VWHP 7KLV LV GRQH E\
ILUVW DQDO\]LQJ WKH EHKDYLRU RI WKH SURGXFWLRQ V\VWHP IRU D
JLYHQ VWDWH E\ WKH '(6 7KLV DOORZV WR HYDOXDWH WKH VWDWLF
HIIHFWVRIPHDVXUHV WRFKDQJH WKHVWUXFWXUHRI WKHSURGXFWLRQ
V\VWHP RQ PDMRU .3,¶V XVHG WR DVVHVV WKH IOH[LELOLW\ RI WKH
SURGXFWLRQ V\VWHP 7KH 6' LV WKHQ DSSOLHG WR HYDOXDWH WKH
FKDQJHDELOLW\ RI WKH SURGXFWLRQ V\VWHP E\ DQDO\]LQJ LWV
G\QDPLF EHKDYLRUZKHQ LW FKDQJHV IURP RQH VWUXFWXUDO VWDWH
LH SULRU WR WKH DSSOLFDWLRQ RI DQ\ PHDVXUHV WR LWV IXWXUH
VWUXFWXUDOVWDWHLHDIWHUWKHDSSOLFDWLRQRIWKHPHDVXUHVWREH
HYDOXDWHG )LQDOO\ D FDVH VWXG\ IURP WKH *HUPDQ PHGLFDO
GHYLFHLQGXVWU\LVGHVFULEHGWRVKRZWKHDSSOLFDELOLW\
6LQFH WKH 6' PRGHO LV \HW RQO\ WR EH FRQVLGHUHG DV D
SURWRW\SH WKHUH LV VWLOO VRPH IXUWKHU UHVHDUFK DQG ZRUN
QHFHVVDU\WRHODERUDWHWKHPRGHO+RZHYHUHYHQVRLWDOUHDG\
SURYLGHV D XVHIXO LQSXW WR VXSSRUW WKH VWUDWHJLF GHFLVLRQ
PDNLQJLQWKHFRQWH[WRISODQQLQJHIIHFWLYH&36
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PDWHULDOIORZVLPXODWLRQZWF±
>@+HUQiQGH] 0RUDOHV 5 Systematik der Wandlungsfähigkeit in der 




Annals - Manuf Tech±
>@.RFK6Methodik zur Steigerung der Wandlungsfähigkeit von Fabriken 
im Maschinen- und Anlagenbau (Method for the enhancement of 
changeability of factories in mechanical and plant engineering)
$DFKHQ$SSULPXV9HUODJ
>@:HVWNlPSHU ( =DKQ ( HGV Wandlungsfähige 
Produktionsunternehmen (Changeable manufacturing companies)
%HUOLQ6SULQJHU
>@:LHQGDKO + +HUQiQGH] 0RUDOHV 5 )DEULNSODQXQJ LP %OLFNSXQNW
+HUDXVIRUGHUXQJ :DQGOXQJVIlKLJNHLW )DFWRU\ SODQQLQJ LQ IRFXV ±
FKDOOHQJHWUDQVIRUPDELOLW\wt online±
>@:LHQGDKO + +HUQiQGH] 5 *ULHQLW] 9 3ODQXQJ ZDQGOXQJVIlKLJHU
)DEULNHQ3ODQQLQJRIDGDSWDEOHIDFWRULHVZWF ±
>@+HJHU &/ Bewertung der Wandlungsfähigkeit von Fabrikobjekten 
(Assessment of changeable factory objects)*DUEVHQ 3=+
3URGXNWLRQVWHFKQLVFKHV=HQWUXP
>@1RIHQ'Regelkreisbasierte Wandlungsprozesse der modularen Fabrik. 
(Closed loop transformation processes within modular 
factories).*DUEVHQ3=+3URGXNWLRQVWHFKQLVFKHV=HQWUXP
>@1\KXLV3+HLQHQ73DFKRZ)UDXHQKRIHU-5HJHONUHLVEDVLHUWHU$QVDW]
]XU 6\QFKURQLVLHUXQJ YRQ :DQGOXQJVIlKLJNHLW &RQWURO ORRSEDVHG
V\QFKURQL]DWLRQRIFKDQJHDELOLW\Industrie Management±
>@0RUHFURIW-6WUDWHJ\VXSSRUWPRGHOVStrat Manage J±
>@'DYLV -3 (LQVHQKDUGW . %LQJKDP &% 'HYHORSLQJ WKHRU\ WKURXJK
VLPXODWLRQPHWKRGVAcad Manage Rev±
>@3DQQLUVHOYDP *3 )HUJXVRQ /$ $VK 5& 6LIHUG 63 2SHUDWLRQV
PDQDJHPHQW UHVHDUFK DQ XSGDWH IRU WKH V J Oper Manag
±
>@-DKDQJLULDQD 0 (OGDELE 7 1DVHHUD $ 6WHUJLRXODVD /. <RXQJD 7




VSHUFHSWLRQVJ Oper Res Soc±
>@3IRKO + Logistikmanagement. (Management of logistics) +HLGHOEHUJ
6SULQJHU
>@6SDWK ' +LUVFK.UHLQVHQ + .LQNHO 6 Organisatorische 
Wandlungsfähigkeit produzierender Unternehmen (Organizational 




CIRP Annals - Manuf Tech±
>@9', Simulation of systems in materials handling, logistics and 
production - Fundamentals (3633 p. 1)%HUOLQ%HXWK9HUODJ
>@%DQJVRZ 6 Manufacturing simulation with plant simulation and 
simtalk%HUOLQ6SULQJHU





>@'XWWD$5R\5System Dynamics. Tutorial provides a primer on a set 
of tools and techniques aimed at improving decision-making in 
integrated value chain2506WRGD\±
>@*U|OHU$7KXQ-0LOOLQJ306\VWHPG\QDPLFVDVDVWUXFWXUDOWKHRU\
LQRSHUDWLRQVPDQDJHPHQWProd Oper Manag±

